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@ Ophthalmic lens. 

© An ophthalmic lens which is a multifocal, progressive 
lens, has a distance viewing zone (10) and an intermediate 
viewing zone (14) leading to a near zone (12). The shape of a 
surface of the lens is defined by a final surface function such 
that there is no change in height at the zone boundaries (16. 
18) and at least the first three derivatives of the final surface 
function are continuous acrossthose boundaries. The surface - 
of the near zone (12) is defined by a function which is the sum 
of the surface function of the distance zone (1 0) extended over 
the entire lens, and a near zone surface function having a 
factor given by a fourth degree expression in cartesian 
coordinates. 



CM 
< 

in 
in 

0) 



(Y-AXIS) 




. v=-v 

(X-AXIS) 



U=0 



CM 
CO 



Ul 



Croydon Priming Company Ltd. 



Ophthalmic Lens 



This invention is related to ophthalmic lenses and, in particular 
to a novel progressive power and multifocal ophthalmic lens in which a 
surface of the lens has distance, near and intermediate viewing zones 
with boundaries and contours which provide desired optical properties 
over the surface of the lens. The invention also comprehends methods 
of making lenses with these properties while providing flexibility in 
the selection of wearer-adapted parameters, and shaped formers used 1n 
the manufacture of such lenses. 

The direct ancestor of the progressive multifocal lens is the 
bifocal lens which consists of a distance viewing zone of one optical 
power and a near viewing zone of another optical power, located 
adjacent the distance zone. Each zone may have a convex spherical 
surface with an abrupt change in curvature at a boundary where the 
zones abut. These lenses have the disadvantage that they are limited 
to two, more or less fixed optical powers. The change in power at the 
zone boundary can produce undesirable optical effects for the wearer. 
In addition, the zone boundaries are sometimes considered unattractive 
when the lens is viewed on the wearer. 

Over the last 70 or 80 years attempts have been made to achieve a 
progressive increase in optical power from a distance viewing part of a 
lens to a near reading part of the lens. In so doing astigmatism and 
distortion are necessarily introduced into the lens. 

Certain characteristics in the progressive lens are desirable. 
The Intermediate zone should join the near and distance zones in a 
cosmetically acceptable way. In the sense that no discontinuities In 
the lens should be visible to people observing the lens on the wearer. 
The intermediate zone should be optically acceptable in the sense that 
there sould be a line or corridor, called the eye path, along which the 
line of vision moves while going between the distance and near zones 
and along which the optical power of the lens increases more or less 
uniformly. The quality of vision along the eye path should be as good 
as possible to permit some intermediate viewing through the 
intermediate zone and to provide -a comfortable transition in powers for 
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the eye between the near and distance zone. This result 1s furthered 
by minimizing or removing astigmatism along the eye path. It is 
possible to select an eye path with a slant to accommodate the natural 
convergence of the eyes. It may also be desirable to select particular 
shapes for the zones. 

In order to understand problems associated with the provision of 
these desirable lens characteristics, it is helpful to understand how 
such lenses are made and dispensed. Finished progressive lenses are 
typically made from progressive lens blanks* i.e. optical bodies having 
a finished convex front progressive surface and an unfinished rear 
concave surface. The rear surface is normally finished to produce a 
lens which meets the wearer 1 s prescription. However* to provide a 
range of distance and near zone optical powers which permit optimum 
fitting of the lens to most presbyopic patients, a family of 
progressive lens blanks with different distance and near zone powers 
shoudl be available. In such a family, each blank will incorporate a 
similar selection and/or optimization of some or all of the 
above-mentioned basic design characteristics. Such a consistency is an 
aid in the designing, manufacturing, testing and prescribing of the 
lenses. 

However, it is not a simple matter to choose an appropriate 
generalized expression to describe the progressive properties of a 
family of lens blanks. Such an expression needs to be one which 
readily permits alteration of distance zone power and near zone power, 
to obtain the desired specific characteristics of one of the family of 
lens blanks. In addition the design techniques, should, advantageously 
permit generation of different families of lenses, embodying different 
selections of other parameters such as zone size and placement* eye 
path location, etc. 

It is an object of the present invention to provide a method for 
making lenses in which design parameters may be easily manipulated to 
produce progressive lenses having varying ophthalmic properties, that 
1s the optical power, shape, size and/or location of the distance or 
near zones may be easily modified from lens to lens, and in which 
astigmatism and distortion are selectively distributed to improve 
optical and/or cosmetic properties of the lens. 
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The Invention also provides progressive lenses and progressive 
lens families with a large distance viewing zone, a large near viewing 
zone, a. wide eye path corridor, and little or no astigmatism along the 
eye path. 

As used herein the word "lens" refers to all forms of refractive 
optical bodies employed in the ophthalmic arts, including, but not 
limited to, semi -finished lens blanks requiring further finishing to a 
particular patient's prescription. Also included are formers used 1n 
the manufacture of progressive glass lenses, and molds for the casting 
of progressive lenses in polymeric material such as the material sold 
under the trade name CR 39. 

The invention provides an ophthalmic lens with a lens surface 
having a near viewing zone, a distance viewing zone and an intermediate 
zone 1n which there is a gradual change in optical power along an eye 
path from the distance zone to the near zone, characterised in that 
boundaries defined between the distance zone and the intermediate zone, 
and between the intermediate zone and near zone are projections of 
algebraic curves on the lens surface; the shape of the surface of the 
lens is defined by a final surface function such that the surfaces of 
the zones are the same height at the boundaries and so that at least 
the first three derivatives of the final surface function are 
continuous across the boundaries; and the surface of the near zone is 
defined by an equation of the form Zt=Z(J+Z s where Zj is the final 
function, Zq- is the rotationally symmetric surface function of the 
distance zone extended over the entire lens, and Z s is a near zone 
surface function having a factor given by a fourth degree expression 1n 
the cartesian coordinates x and y. 

Preferably in carrying out the method of the invention a 
preliminary poly nominal function is derived in the coordinate system 
(u, v) such that the preliminary function defines a surface for the 
intermediate zone so that the surfaces of the zones are the same height 
at zone boundaries and so that at least the first two partial 
derivatives of the surface function with respect to v are the same at 
the boundaries. The polynomial function may be of low degree, for 
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example, 8th degree 1n u and 7th degree In v. The cartesian 
coordinates x and y may be translatable In polynomials of the second 
degree in u and v. 

Auxiliary functions may be chosen to modify the optical 
properties of the lens 1n certain selected areas of the lens. A 
mathematical product may be obtained by multiplying the preliminary 
function and the auxiliary function in the Intermediate zone. 
Similarly, the auxiliary function may be multiplied with the add 
surface function in the near zone to produce a second product. The . 
base surface function may then be added to the products in the 
respective zones to provide a final surface function defining the 
surface of the near zone and intermediate zone. 

The forming may be accomplished by sag molding a glass blank on a 
machined porous former configured in accordance with the final surface 
function. 

The selection of functions may be repeated 1n an Iterative 
fashion while varying one or more of the lens parameters and evaluating 
the resultant mathematical function or the lens Itself for desirable 
properties including reduction of astigmatism and distortion. 

The shape of the surface of the lens may be defined by a final 
surface function selected so that the surfaces of the zone are the same 
height at the boundaries and so that at least the first three 
derivatives of the final surface are continuous across the boundaries. 
The final surface function and coordinate system transformation may be 
defined by polynomial functions as discussed above. 

A preliminary function may be obtained defining the progressive 
surface. The surface may then be evaluated (e.g. for power, 
astigmatism, orthoscopy) and zone boundary geometry parameters modified 
in an iterative fashion. 

The final surface function may be a function which 1s product of 
a preliminary function and at least one auxiliary function, wherein the 
preliminary and auxiliary functions are both continuous to at least 
the third derivative along the boundaries of the zones. The auxiliary 
function may be selected to improve orthoscopy in at least a portion of 
the intermediate zone. As used herein "orthoscopy" is intended to refer 
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to the rectangularlty of images of vertically oriented rectangular 
objects observed through the lens. An auxiliary function may be 
selected to reduce astigmatism 1n at least a portion of the 
intermediate zone. As used herein the word "astigmatism" refers to 
surface astigmatism, which is a measure of the degree to which the 
curvature of the lens varies along intersecting planes which are normal 
to the surface of the lens at a point on the surface. Both types of 
auxiliary functions may be employed. The preliminary function may be 
multiplied with auxiliary functions), the resulting surface or surface 
function evaluated, and the auxiliary function(s) modified in an 
iterative fashion to reduce astigmatism and/or improve orthoscopy in 
selected regions of the lens, while retaining desirable properties of 
the preliminary function 1n other area of the lens. 

Some embodiments of the invention are described in detail below, 
by way of example, with reference to the accompanying drawings in which: 

Figure 1 is a front elevation of a progressive ophthalmic lens 
according to the Invention illustrating a coordinate system used to 
define a surface of the lens, 

Figure 2 is a front elevation of another progressive ophthalmic 
lens according to the present invention illustrating parameters used in 
the design of the lens, 

Figure 3 is a cross-sectional profile of a progressive surface of 
an ophthalmic lens of the present invention, 

Figure 4 is an array of calculated values related to surface 
heights for a particular progressive surface of a lens according to the 
invention, 

Figure 5 Is an array of calculated values of the astigmatism of 
the progressive surface of Figure 4, 

Figure 6 is an array of calculated values of the mean power of 
the progressive surface of Figure 4, 

Figure 7 is a flow diagram illustrating steps of a method 
according to the invention for making a cast ophthalmic lens, 

Figure 8 is a cross-sectional view of the formation of a glass 
lens blank on a ceramic former, 
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Figure 9 illustrates compensation for deviations 1n the formation 
of the glass lens blank, and 

Figure 10 illustrates a process for molding a plastic lens blank. 

A progressive ophthalmic lens, made according to th$ 
present invention is shown in Figure 1 . The: lens nay be divided 
into three zones. The top, or distance, zone 10 is intended to 
provide the user with conventional distance correction substan- 
tially unimpaired by any effects from the special optical zones 
below. The bottom, or near zone 12 should likewise provide good 
vision with increased positive power for near vision tasks, as in 
a conventional bifocal. A central, or intermediate zone 14 lies 
between the distance and near zones. A first boundary 16 lies at 
the meeting of the distance and intermediate zone, and a second 
boundary 18 lies at the meeting of the intermediate and near 
zones. The boundaries may be diffuse or sharp. The significance 
of the boundaries to the design of the lens will be discussed 
below. 

The intermediate zone 14 is intended to join the 
distance and near zones in a way that is cosmetically acceptable 
in the sense that no discontinuities are apparent to persons 
viewing the lens on the wearer. The transition is optically 
acceptable, in the sense that there is a narrow corridor or eye 
path 20, along which the line of vision moves while going between 
the distance and near zones, and along which the optical power 
preferably increases more or less uniformly from that of the 
distance zone to that of the near zone. Desirably, the quality 
of vision along this eye path should be as good as possible so 
that the wearer will experience a minimum of discomfort as his 
gaze moves back and forth between distance and near zones. As a 
practical matter this gives rise to a need tQ correct astigmatism 
as well as possible along the eye path. The present design pro- 
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vides acceptably small astigmatism (i.e., less than .5 diopter) 
along the eye path, without requiring it as an explicit design 
limitation. 

The eye path should deviate from a vertical centerline 
of the lens as shown in Figure 3, in order to accomodate the 
natural convergence of the eyes as they move from distance to 
near vision. In addition, the boundaries 16 and 18 may be curved 
so as to allow the joining of the zones over a great distance and 
over a large part of the lens.. This may also help to limit 
aberrations in the intermediate zone. 

In order to meet these several requirements simultane- 
ously and in order to permit selective changes in one or more 
design parameters, a novel coordinate system has been devised. 
In this coordinate system the special curves of -the problem - the 
interzone boundaries and the eye path - are represented in a 
simple way, as curves along which one or another of the coord i- 
nates takes on a constant value. Relatively simple coordinate 
transformations, connecting this new system with ordinary 
cartesian coordinates, have been devised to define the lens 
structure. Polynomial functions are used as base functions to 
describe the optical surface and the coordinate system. Boundary 
conditions are imposed which produce equations in the coeffici- 
ents of the polynomials which can be solved to provide a final 
surface function for the lens. 

In making the lens, two additional assumptions may also 
be made. First, it may be assumed that a usable solution can be 
obtained ignoring any effects of the obliquity with whiph rays 
may strike the optical surfaces of the system and ignoring any 
higher order effects of variations in the thickness of the 
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lens* Second, it is assumed that a usable solution can be 
obtained by representing all surface curvatures by means of 
simple second order partial derivatives, ignoring the nonlinear 
first derivative tilt factors. 

These initial simplifications have been found not to 
6tand in the way of good optical correction of a finished 
design* The simple system as described above may be used as a 
starting point for a basic design and manufacturing system* The 
basic design can then, -if necessary, be analyzed by means of 
exact ray-trace analysis to permit the adjustment of the near 
zone function to deal with problems observed at that stage, 
especially localized problems of excessive astigmatism or distor- 
tion in the intermediate zone. 

The following is a summary of the contents of this 
detailed description of preferred embodiments of the present 
invention. 

I. Coordinate System Selection - The coordinate system 
used to provide the desired solutions is described. 

II. Surface Definition - The actual algebraic forms to 
be used to describe the surface are presented. 

III. Boundary Condition Selection - The optical 
requirements are formulated in terms of conditions to be satis- 
fied by the surface functions along the zone boundaries. These 
conditions result in a system of simultaneous equations which are 
to be satisfied by the as yet unknown coefficients of the surface 
functions. 

IV. Eye Path Specification - Choices are made with 
regard to the surface properties along the eye path. These 
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choices provide additional equations in the coefficients, result- 
ing in a solvable system. 

v » Selection of Near Zone Function Parameters - 
Methods of selecting and modifying the near tone function to 
fine-tune the lens design are discussed. 

Formulation and Solu tion of Simultaneous Equations 
- The system of equations 1b solved by numerical methods. 

VJCI * -Presentation of Exempl ary Values r or Calculate 
■ Constants " values obtained for the coefficients of a final 
surface function are presented for a particular lens design. 

mi " Co "P»tation of The NorrnP - » - ntt mnnl 

vector anywhere on the surface may be required for manufacture of 
the lens or evaluating its optical properties. Formulas useful 
in obtaining the normal vector are presented. 

IX. Evaluation of r,en«i>s - Actual and calculated 
values of astigmatism and mean power for a lens example are dis- 
cussed. 

X * -"anufaeture of Lenses » n a Associate Tnni < »g _ 
Processes for performing the foregoing calculations and forming 
lens, based on the flow diagram of Figure 7, are discussed. 

*• COORDINATE SYSTEM SELECTION 

The curvilinear coordinate system (u,v> has been 
devised to allow designation of the boundaries between the prin- 
cipal regions of the lens by curves of the form v - constant, 
where v is' the new coordinate corresponding most nearly to the 
vertical cartesian coordinate y. Curves 16 and 18 of Figure 1 
are examples of such curves. The coordinate system also allows 
the designation of a eye path in the form u * constant where u is 
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the new coordinate corresponding roost nearly to the horizontal 
cartesian coordinate x. The line 20 of Figure i represents such 
an eye path. 

The coordinate system developed is one in which x and y 
are polynomial functions of the new coordinates u and v and where 
these polynomials are of the minimum degree consistent with the 
desired qualitative properties of the coordinate system. Thus x 
and y are to be expressed in the form: 



(1A) 



i=o j=o 



i-o y=o 



(IB) 



where Xij and Y^j «e coefficients, ui and vj are the coordinates 
of the curvilinear coordinate system, raised to the ith and jth 
power, respectively; p and q are the degrees of u and v for 
definition of x, respectively, and r and s are the degrees of u 
and v for definition of y. The selection of the parameters p,q,r 
and 8 are preferably kept as small as possible, and are equal to 
two or less in the preferred embodiments discussed below. 

The desired general shape of the u and v coordinate 
curves are shown in Figure 1. The curves u « constant are nearly 
vertical, qently curving lines. This choice is made to permit 
the simple specification of a nasally converging eye path as u * 
0. The uniform horizontal spacing of these lines along the x 
axis permits a minimum degree representation. The curves v = 
constant, are seen to be parabola-like curves. The curve v = -vj 
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is a straight line which coincides with the x axis. This choice 
of curves permits a natural designation of the boundary between 
the intermediate and near zones as the curve v » - X, where X is 
a constant selected in a manner discussed below* The boundary 
between the distance and intermediate zone is the curve v * 0. 
The size of the near region can be determined by adjusting the 
rate of increase of curvature of the v « constant curves with 
respect to v in such a way that the curve at v « -X yields a near 
zone of the desired size: the greater the curvature the smaller 
the near zone* 

Useful coordinate transformations for the coordinate 
system are given by: 

x * (c/v D ) (v + v x > (v o - v x - v> (a u2 + 1)+u {2A) 
y «= <v + Vl) (a u 2 + 1) (2Bj 

wherein a, c t vo and vi are constants which depend on the coordi- 
nate system used and certain design parameters of the lens 
discussed below. Typical values for these constants are: 
a « from 0 to 1 imT 2 
c « from -1 to 1 * 
v 0 e greater than 1 nun 
* from -100 to 100 mm 
The transformations of equations (2) are effective for 
designs in which the surface of the upper half lens is exactly 
spherical as well as nonspherical surfaces. The above trans- 
formations are also adequate to provide for a diffuse top 
boundary and also for decentration of the distance and near 
zones, i.e., the center lines 22 and 24 of the distance and 
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near rones shown in Figure 2 can be made nonpar al lei to one 
another. 

The constants in the above transformations may be 
interpreted as follows* It may be observed that, along the line v^-v^ 
x equals u and y equals zero. Thus the curve v=>-v 1 coincides with 
the x axis and along that line u is exactly equal to x. The 
surface specification in section II. , below, defines the curve 
v«=0 as the distance-intermediate zone boundary. The curve u*=0 
crosses the y axis at v—Vj^ and at v=v 0 - v ± . See Figure 1. The 

first of these points is lust the (x, y) origin. Thus, vo 
determines the point at which the curve u=0 recrosses the y 
axis. This point determines the amount of decentration between 
the distance and near zones. The quantitative relations between 
these constants and the basic geometry of the zone boundaries will 
now be developed. 

In order to obtain the values of the coordinate system 
parameters vj, a, c, v 0 and A , it is useful to first define some 
additional geometric parameters which are shown in figure 2. The 
shapes and orientations of the boundary curves are defined by the 
quantities w flr Ws (the widths of the distance and near zones at 
heights yd and y s respectively), 9dr ©s * the fcilt angles of the 
distance and near zones respectively), and p (the straight line 
distance between the points at which the eye-path intersects the 
top and bottom boundaries). These parameters, w^ f w g ^y fl ^y g ^ 
9 d# e s ana P are starting design prerequisites on which the lens 
topography is to be developed. Values for the coordinate system 
parameters may be obtained in terms of geometric parameters such 
as these. 

An expression for v^ is as follows: 
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U x = [-B + (B 2 - YAC)*] /2A 



<3) 



where A * w| - 



B * Wg(y fl +A ) - w^{y s +X) ? and 



C e -w_ 



An expression for a is as follows: 

a * (4/w2)[(y d / Vl )- 11 (4 ) 
where is as given above. 

Expressions for c ana v Q are as follows: 

c » [(v i -X)tan G d - Vj tan e s l/x (5) 

v o = [(^-XJtan © d -v 1 tan G s J/(tan G d - tan © s ) (6) 

wherein v x is as given above, ana X is as given below. Thus, the 
constants of the transformation equations (2A) and (2B) are 
defined in terms of significant design parameters relating the 
shape, location and size of the zones of the lens. It is 
possible to solve the system of equations for A by the Newton- 
Raphson method. We begin by choosing p as an initial guess for 

This is reasonable since A can be assumed to be sufficiently 
close to the eye path length for solution purpose. We then use 
the formulas (3), (4), (5) and (6) respectively to compute 
corresponding values for v lr a , c , an3 Vo . These values are then 
used to compute g (p) from the equation: 
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g{X) «= X 2 Cc 2 (v D + X - 2v J ) 2 + v 2 ) - (v c p) 2 



(7) 



The initial guess (p) for X is then incremented by some small 
quantity o and then g(p + o) and the difference quotient are 
computed to estimate. g 1 (p) • These values for g and g 1 are then 
used to compute a new value of X using Newton ~Kapb son method 
after which corresponding values of v lf a , c , and v 0 are again 
computed, g and g 1 are modified and the loop repeated until the 
change in X becomes sufficiently sroall r for example 1 micron. 
The values of X r vi, a, c, and v D obtained at the end of the loop 
constitute the solution values for the system of equations (3) 
through (7) and the problem is solved. 



coordinate system, we may obtain "inversions of the coordinate 
tranforroations (2A) and (2B) to yield u and v in terms of x and 
y. We may proceed by eliminating the quantity (v + v^) by first 
solving for it in the y equation (2B) to get: 



and then substituting this into the x equation (2A) , yielding: 



After some algebra, this can be simplified to the equivalent 
equation: 



Returning to general considerations regarding the 



(v + vj) B y/{a u2 + i) 



(8) 




(9) 



v Q (x-u) (au 2 +l) -cy I v Q (au 2 +l) -y] =0. 



(10) 
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For convenience below the function on the left above is desig- 
nated f(u). Therefore, 

f(u) m o (11) 

Since all the constants (viz.t Vo# k$ Yr v 0 l es wel1 as * h . e 
values of x and y are given, the above is a cubic equation in the 
single unknown u. In principle it may be solved for u using the 
cubic formula, but this is a difficult procedure, and the 
solution can be approached numerically by resort to Newton's 
method. The choice of a first guess for u is somewhat more 
difficult here than for the other iterative solutions described 
in this application. 

One possibility is: 

«o ~* - cy (12) 

where u D is the initial guess for u. A careful examination of 
f (u) has shown that this guess will always guarantee convergence 
of the iteration as long as the inverse transformation is single 
valued (and therefore meaningful in this context) . This follows 
from the fact that all roots can be shown to lie to the left of 
u D , that u Q can never lie between the local extrema of f (u) (if 
any exist) and that the value of f(u) at its inflection point is 
positive when extrema exist. The inverse transformation is 
believed to be always single-valued over the usable lens surface, 
but singularities (non-invertibilities) may exist just off the 
lens. 

With a qood first guess in hand, the iteration may 
proceed. The derivative of f (u) is computed: 
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fMu) «= VjjtaauCx-uJ-Cau^+Dl^acv^u (13) 

where £Mu) is the derivative of f(u) with respect to u. 
Improved quesses for u are then made by iteration using Newton's 
method: 

u n+l e «n-f («n) /V (u n ) d«> 

where u n is the current guess ana u n+ i is the next guess. The 
initial guess is given by u Q above. The iteration is halted when 
the change in u from one stage to the next is less than some 
predetermined value, say, 1 micron. The resulting final value of 
u is then taken as the value determined by the given values of x 
ana y, ana the corresponding value of v is computed by solving 
the transformation equation (2B) for v: 



v « ly/(au2+i)]-v 1# (15) 

The results may be checked by back substitution into the coordi- 
nate transformations (2) . The computed values of u and v should 
give back the originally given values of x and y. 

The derivatives of x and y with respect to u and v will 
be required below. They are: 

|§ = x u «= (Sca/v^uCv+v^ (v o - Vl - v) + 1 
3v x y = (c/v Q ) (ati 2 +l) [v 0 -2( Vl +v)] 



(16A) 
(1GB) 
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|£ - Y„ B 2au(v+v 1 ) 



(16C) 



I* - * - au^l <«« 

where x u is the partial derivative of x with respect to u, etc. 

In order to be able to compute the normal vector to the 
lens surface (see Section VIII), the derivatives of u and v with 
respect to x and y may be found. Since a numerical technique has 
been used to solve for u and v in terms of x and y, no explicit 
formulas are available for these relations. Formulas for the 
desired derivatives may still be obtained by implicit differenti- 
ation of the forward coordinate transformations: 

x x c 1 e x u u x +x v v x 117A) 
x y = 0 * x u u y 4x v v y (17B) 

y x - o = y u u x +y v v x {17c) 

y y = 1 = y u u y +y v v y (17D) 

wherein x x is the partial derivative of x with respect to x 
(identically equal to 1) , etc. Since x Uf x v , etc. are known 
(equations (16)), the above linear equations may be solved for 

u xt u y» etc., obtaining: 

u x - y v /J (1BA) 



u y " ~ x v/ J 



(18B) 
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v x - -y u /J dec) 
u x c *u/ J (18D) 

where iJ is the Jacobian determinant of the transformation, given 
byx 

J « x uWu* (19> 

J 

The above equations f (16) r (18) and (19)] provide complete formu- 
lae for u x , U y, etc. in terms of xu# xv# etc* 

The foregoing transformations permit functions calcu- 
lated in terms of u and v to be expressed in terms of cartesian 
coordinates, which is the preferred form for instructing 
nunerically controlled machinery used in lens manufacture. 



II. Surface Definition 

The total surface height or final surface function Z t 
may be defined as the sum of two terms z 

2 t e + Z (20) 

where 2^ is fche surface function of the distance zone and 2 is 
the deviation or progressive addition function. The general 
relationship of these functions is shown in Figure 3, in which 
the line Z t corresponds to a cross-section of the surface of the 
lens along a plane containing the y axis and perpendicular to 

the x axis. 
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The distance zone surface function Z d may be selected 
as a rotationally syntmetric surface. The useful case of a 
spherical surface function Zg will now be considered. Such a 
function may be defined by an equation of the form 



2 d * R d - r *d ~ (x " V* " (y -A y ) 2 ] l/2 . (21) 



where R d is the radius of curvature of the distance region pre- 

« 

scribed for correction of distance viewing; and a and a are 

; 3C y 

offsets of the vertex of the sphere to permit decentration of the 
sphere as desired. 

The progressive function Z may be defined piecewise to 
reflect the different optical properties of the different lens 
regions as follows: 



2 « 0 when v >0 (distance zone) (22A) 

M N 



Z «= U(u)S(y)\ \ A i - u 1 v^ when 0 % v > - X r22B) 

3 (intermediate zone) 

it=o j=o 

Z e U(u)S(y)Z s i?hen v < - A (near zone) (22C) 



wherein A^j are coefficients to be determined from the optical 
specifications of the intermediate zone, M and N are the degrees 
of u and v, respectively, in the intermediate zone, and Z s is a 
near zone add function (a guartic surface of revolution) to 
be discussed below. The degrees M and N are to be kept as small 
as possible consistant with the optical specifications for the 
intermediate zone. In the embodiment of the invention discussed 
below M is equal to 8 and N is equal to 7. U(u) and S(y) are 
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auxiliary functions selected to help control astigmatism and 
orthoscopy in portions of the transition zone* 

Z s is a near zone add function which is intended to 
have optical performance similar to a sphere to achieve the pre- 
scribed correction of near vision. To facilitate solution, a 
surface of revolution- may be choosen of the following form: 

z s «=A fi I (x-x 0 ) 2 +(y-y 0 ) 2 J +B 6 1 (x-x D ) 2 + <y-y 0 ) 2 J 2 +z G (23) 

where A s is a coefficient specifying the near zone curvature and 
thus its optical power? B B is a coefficient to allow for correc- 
tion of the near zone to approximately a spherical shape 
x Q and y Q are the cartesian coordinates of the vertex 
(relative optical center) of the near zone; and z Q is 
an additive constant to provide for surface height matching. The 

selection of A s and B s is discussed in greater detail in Section 
V below. 

The remaining functions of equations (22) requiring 
definition are the auxiliary functions S(y) and U(u) which are 
applied to modify the preliminary surface function in selected 
regions. 

The auxiliary function S(y) may be defined ass 
S(y) = expr-(y-y c ) 3 /<£] y> y c (selected region) < 24A > 

S(y) «= 1 yfVc ( non ~ s elected region) (24B) 
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where the parameter 0y determines the "strength" of the function 
ana y c determines the boundary of the selected region. The 
auxiliary function U(u) may be defined by: 

U(u) « expl-(u/o u > 4 ] for all u (25) 

where o u defines the "strength" of the u auxiliary function. It 
will be understood that other expressions which are continuous 
through the third derivatives, may be employed as auxilliary 
functions. The use arid effect of the auxiliary functions will be 
discussed in greater detail below, 

III. BOUNDARY CONDITION SELECTION 

In order to solve for the set of constants, which 
define the intermediate zone, certain constraints are placed on 
the finished surface which will provide a useful surface and a 
sufficient number of simultaneous equations to permit solution. 
The choices presented here are the specification of conditions at 
the boundaries of the neighboring zones. 

An advantageous selection of boundary conditions, which 
facilitates surface smoothness and optical continuity at the 
boundaries, is to require that 

1) the surfaces of the zones be the same height at 
both boundaries; and 

2) at least two, and preferably three, of the first 
partial derivatives with respect to v, be continuous at both 
boundaries. 

These conditions are tantamount to requiring no surface 
jump discontinuities at the boundaries, no discontinuous changes 
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in surface slope (no prism effect), no discontinuous curvature 
changes across the boundaries, and no discontinuous changes in 
the rate of change of curvature across the boundaries. 

The boundary conditions can be expressed mathematically 



as: 



Top Boundary 

2=0 at v ■ 0 (26A) 

Z v • 0 at v = 0 (26B) 

Z V v * 0 fit v * 0 (26C) 

Z vvv - 0 at v * 0 (26D) 
Bottom Boundary 

2 c 2 s at v * - X (27A) 

Zv ■ Zsv at v ■ - X (27B) 



Z 



vv 



Zsvv at v * -X (27C) 



Zvvv tt 2 svw at v « - X (27D) 

where the v subscripts indicate the order of the partial deriva- 
tive with respect to v. It can be demonstrated that these 
boundary conditions can be expressed in terms of Ajj's as 
follows: 

Top Boundary 

A i0 * 0 (28A) 

Ail e 0 < 28B > 

A i2 c 0 (28C) 

A i3 e 0 (28D) 
for i = 0 to B, 

Bottom Boundary 
N S 

j«o Aij( ~ X) Si {29A) 
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* e *Aii + l<3+l><-M-B« Bl (29B) 
N-2 

J„ 0 A i5«Ci*l> (3+2) (-x)^B- ei (29C) 
K-3 

^ c0 A ij-»3 (j*M(5+2> 0+3) (-X,3«B« • « cl (29DJ 



The second set of four equations also hold for i*0 to 8. The 
quantity N in the last four equations is the degree of the tran- 
sition function 2 in the variable v and nay be at least 7, but 
can be larger. 

The B si «s are the coefficients of the one dimensional 
polynomial which gives the variation of Z s along the transition 
near zone boundary as a function of the variable u (note that the 
variable v does not appear since this boundary is defined by the 
condition v = -X, a constant): 



2_ I _ \ i 



The computation of the values of the B si i SfB « Bi « S/ etc . 
is not feasible by using formal methods. Instead, a numerical 
approach may be used based on the following considerations. This 
polynomial can be found by substituting the transformation equa- 
tions 12] into the cartesian definition of Z g (23). This gives 
Z s as a polynomial function of u and v rather than of x and y. 
The polynomial describing Z s along the boundary only is then 
obtained by setting v «= -\and collecting terms on the power of 
u. The degree of this last polynomial can be inferred by noting 
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that it is the result of substituting the transformation equa- 
tions (2nd degree in u) into the defining expression for Z B (4th 
degree in x and y) resulting in a final expression of the Bth 
degree in u. Thus there are nine B^'s to solve for. B b0 is 
found as shown in section IV below. The rest are computed by 
evaluating the polynomial at eight points along the boundary, 
subtracting B b0 from each value, and then solving numerically the 
6ystem of eight linear equations resulting from the requirement 
that the polynomial take on the computed values at the given 
points. The same is done using the partial derivative Zsv 
instead of Z s to obtain the B'si's, etc. 

IV. EYE FATE SPECIFICATION 

An additional constraint placed on the system is the 
specification of the surface shajJe along the eye path. It can be 
demonstrated that the eye path shape depends solely on the 
Aq^'s. Thus, the eye path specification consists in pre- 
selecting the values of the Aq^'s. The selection may conveni- 
ently use either a cubic or guintic eye path. For a cubic eye 
path, the power changes linearly. For a quintic eye path, the 
power changes gradually and has a maximum rate of change near the 
midpoint of the eye path. In the guintic case, rate of change of 
power can be made continuous. In order to maintain consistency 
between the chosen number of derivatives to be matched on the 
boundaries and the eye path specification, a cubic eye path is 
used for second derivative boundary matching and a quintic eye 
path for third derivative boundary matching. Since the 
preferred embodiment thus far discussed requires third derivative 
boundary matching, the quintic eye path will be employed. 
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It ie possible to solve numerically for the Aoj' 6 
simultaneously with Xo»yor and z D * The starting point are the 
boundary condition equations (28) and (29) given in the previous 
section for the special case with i»0. 

Those equations then become: 



A 00 


■ o • 


(30A) 


01 


•■o 




A 02 


= 0 


(30C) 


A 03 


B 0 


(30D) 


K 

I 
3=0 




(30E) 


N-1 
I 




(30P) 


N-2 
Z 

1=0 


A 0^+2(H+1) (j+2) <-X)3*b« b0 


(30G) 


K-3 
Z 

3=0 


A 0j+3(j + D (3+2) (j+3) (-X) 3 "B"' s0 


(30H) 



The first four of these equations indicate that the first four 
A 0 j*s must be zero to satisfy third derivative matching at the 
top boundary. 

Setting N=7 f the remaining equations can be written out 

explictly: 



X 4 A 04 -x5a 05+ x € A 06 .x 7 A 07C b s0 
-^ 3 A04 +5 ^ 4 A05" 6 ^ 5A 06 +7 X 6 A07«B t s0 



(31A) 



(31B) 
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12 A 2 A 04 ^20 X 3 A o5 +30 X 4 A 06 -42 X 5 A 07 -B- b0 WC> 
•24XAo4 + 60X 2 Ao5""OX 3 A 0 6 + 210x 4 A 0 7-B" , b0 . (31D) 

Recalling that B s0 , etc. are determined from the near 
zone surface function Z S r we see that they are functions of x D # 
y D f and z 0 . Since the latter are among the quantities to be 
determined, the system contains a total of four equations in 
seven unknowns. We thus have an underdetermined system of equa- 
tions. In order to reduce the number of unknowns to four and 
thus obtain a uniquely determined solution, we first arbitrarily 
set A06 and Aq7 to zero, This gives an eye path shape of minimum 
degree, which is an arbitrary choice and others are possible. 
Other such choices might be used,- e.g. to permit improved eye- 
path astigmatism or a modified eye-path power contour. However, 
the low astigmatism and satisfactory power contour obtained with 
A 06 and A 07 set equal to zero suggest that little is to be gained 
by such a procedure. 

In order to reduce the total number of unknowns to 
four, as discussed above, a value of x D can be selected. The 
selection need not be arbitrary, since x D i s the x coordinate of 
the near zone function center and we may anticipate the effects 
of positioning of the near 2one function to affect the lens per- 
formance. For example, when designing decentered lenses it has 
not been surprising to find that x D must be offset somewhat for 
best performance. The designer will generally need to try a 
range of values of x Q# for example, to give a reasonably 
svmmetric astigmatism pattern on either side of the near zone. 
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Such a value would be expected to be between zero and the amount 
of decentration of the near zone. Once this value has been 
specified there remain only four unknowns to be solved for: A 04f 
A05, yo, 2 o* The four equations for these unknowns nay now 
be written: 

X 4 A 0 4-X 5 Au5«B s0 <32A) 
-4X 3 A 04 +5X 4 A 05 «B' b0 (32B) 
12x 2 A 04 -20X 3 A p5 =B'' s0 (32C) 

-24XA 0 4 +60 ^ 2 A05=B , "sO (32D) 

As noted above, B s0 contains the unknowns yo ana zo, but the 

other three right hand sides contain only y 0 « Thus the last 

three equations may be taken as three equations for the three 

• * ac » n * Because. v« is involved non-linearly 

unknowns A04, A05# ana yo» Because, y 0 

on the right, it is convenient to solve the last three equations 
iteratively. In order to do this A 04 and A 05 eliminated by 
solving equations (32C) and (32D) for them, obtaining': 

A 04 - (3B«» s0 ^ B, "sO>'/ 12 X 2 C33A) 

A 0 5 " (2B" s0 +XB"«so)/20x 3 . < 33B > 

Substituting these results into equation (32B) , transposing B' B 0 
to the left, clear inq the numerical fractions, and re-arranging, 

yields: 
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12 B' e0 + 6 X B" B0 +A 2 B f,, B0 " »• (3<) 

Recalling that all of the quantities on the left depend only on 
the unknown y G , the equation way be written as: 

£(yo ) « 0 (35) 

with f (y 0 ) defined to be the expression on the left above. Even 
though the explicit form for f (y 0 > is unknown, the equation may 
be solved by the Newton-Raphson method. A useful initial guess 

for y D is 

y 0 = -cx 0 -(V2)+vi. (36) 

Armed with a guess for y 0 » corresponding estimates for 
B f s0# etc. and, thus for f (y D ) , may be made. To estimate the 
derivative of f (y D ) with respect to y 0 , it is possible to incre- 
ment the estimate for y D slightly, recompute f(yo)# and compute 
the difference quotient. A new estimate for yo is then obtained 
by the Newton-Raphson method and the process is repeated until 
the change in y Q becomes sufficiently small (e.g. less than 1 
micron)* 

Using the values of B'gQ, etc. resulting from the final 
loop, A04 and A05 computed by the formulas (33) above. z 0 

may then be computed from the equation: 



b s0 *a 6 i < x -*o> 2 +iy-y 0 >*i +B sl (x-*o> 2 +<y-yo> 2 i 2+ 2 o- < 37 > 

evaluated at u = 0, u = -2. 



- 29 - 



01 32955 



V. SELECTION OF KEAR ZONE FUNCTION PARAMETERS 

In Section II, a definition was given of the function 
2s (equation arid it was noted that the coefficient A s 

largely determines the near zone power. However, the parameter 
B fi appears as well, these two coefficients may be determined 
together to produce a near zone which not only has the desired 
power, but which also maintains this power within reasonable 
limits over its area and which has acceptably low astigmatism. 
These requirements are equivalent to requiring that the near zone 
be nearly spherical. The introduction of the quartic term into 
the near zone surface function is intended to permit an approx- 
imation to this condition. The choice of values for the near 
zone surface function parameters x 0 , Yo» ana 2 o has already been 
discussed in section IV. 

In order to design the near zone one may estimate A B 
and B s by considering the requirement that the total surface 
function Z t in the near zone be the sum of two terms: 

where, as before, Z d is the distance sphere function. The 
requirement is imposed that 2 t must be nearly spherical in the 
near zone. By expanding Z^ in a Taylor series, adding to Z q and 
comparing the result term by term to a Taylor series for a sphere 
of the desired total curvature of the near zone, estimates for A fi 
and are obtained: 

A s - d/2) [(1/R s )-(1/Rd)] < 38A ) 



B s s (1/8)|{1/R 3 B )-(1/R 3 d )l 



(3BB) 



where R s and are the total radii of curvature of the near zone 
and distance zone respectively. Kote that R fi will always be less 
than These estimates are made neglecting the fact that the 

distance sphere and the near zone function are not defined with 
respect to the same origin (the near zone function is defined 
with respect to an origin at (x 0 , y D ) and the distance sphere is 
centered at ( Ax, Ay) - . As a result, the above estimate for 
B s will generally be too small. It is convenient to multiply by 
an additional factor of 1.5 to 2 to obtain a more usable value. 

In order to improve these estimates r a simple iterative 
procedure may be used* The procedure begins by evaluating the 
optical performance (astigmatism and mean power .variation) in the 
near zone when the above estimates are used for A fi and B s . The 
power and astigmatism should be checked at the nominal measure- 
ment point (e.g. 14 mm. below geometrical center) and at at least 
two additional points further down in the near zone. If, for 
example, the astigmatism axis in the lower near zone is at or 
near 90 degrees then the power there is stronger in the trans- 
verse direction than in the vertical direction. ("Astigmatism 
axis" indicates the angular direction of the normal plane in 
which the curvature is greatest,, the y axis corresponding to an 
angle of 90% the angle increasing in a counterclockwise 
direction). In order to correct this, B s must be increased, 
since the vertical power will generally be much more sensitive to 
the value of B B than the transverse power. By repeating the 
procodure as necessary, acceptable vertical and transverse power 
matching can be obtained." Once this has been accomplished, the 
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power variation along the near zone center line should be 
checked. If, for example, the power is found to drop off as one 
moves down the near zone, then the values of both A g and B e will 
have to be adjusted. In this case A B should be decreased 
slightly end B s increased to bring the power at the measurement 
reference point {14 mm. below center). back to nominal. The power 
and astigmatism at the points lower down should then be checked 
again and the astigmatism returned to acceptable levels as 
described above. By systematic repetition of this procedure, it 
is possible to achieve satisfactory astigmatism and power varia- 
tion along with correct power at the measurement point, typically 
within .05 diopters. 

VI. FORMULATION AKD SOLUTION OF SIMULTAKEOUS EQUATIONS 

Referring back to the boundary conditions (28) and 
(29), it may be noted that the right-hand sides of these equa- 
tions are now effectively known, since x D , y or and z D have been 
determined as shown in section IV., and these quantities deter- 
mine the near zone surface function 2 S , which, in turn, 
determines B s jr etc. The system is then solved numerically by 
computer using a conventional method of solving simultaneous 
linear equations. 

In alternative embodiments of the present invention, 
some Aij ,& could be prespecif ied. It will be appreciated that 
additional A i j« s m ust be introduced (such as Ai8 or Ai9) so that 
a unique solution for the system will exist. The selection of 
the Ajj's to prespecif iy will depend on the design problems to be 
solved and on an appreciation that the Ajj are more or less 
dominant in different locations of the lens depending on the 
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power anfl sign of the variables u ana v with which they are 
associated. Usef ul .inodl£ications of the lens may be made without 
undue experimenta|^©pr 



VII. imEBHlttWPH W EXEMPLARY V&T.T1F.S OF CALCOLRTED COKSTAKTS 

Since some of the Aij's have been computed numerically 
in this preferred embodiment, no closed form formulas are derived 
for these constants. The following table presents exemplary • 
values for the Aij's based on the following design parameters: 

liens geometry coordinate System Parameters 
- ■ . _2 

w • 25. 00 mm a ■ ,0044661 mm 



0.000000 



"8 

y e « -25. 00.. mm 

e 8 «= 0.00° v fl • .100*'+ 04 am 

wa « 50.00 n» vi - 5.2753mm 

y a = 20.00 J™ * * 20. 0000 «m» 

e a - 0.00° ** " °* 00 Bn 

ay s o.OO mm 



Base Curve Parameters 
Rd « 9.<. 812 mm 

HMr Z one runcM»n Parameters . Auxiliary Function Parameters 

As - .16500E-02 amf 1 « y ° 60 ' 00 

Bq = .25000E-06 mm" 3 ^ = -30.00mm 

« Ar>nn «™ u = 40.00 nan 

Xq * 0.0000 mm 

y 0 * -4.7247 mm 

Tn s= .0325 nun 



- 33 - 
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The Aij's: 



A(0,3) 


K 


.OOO0OO0E+01 


A(0,4) 


B 


•2000000E-05 


A<0,5) 


m 


.3750000E-07 


A<1,4) 


e 


.5604961E-11 


A(l,5) 


e 


•7286451E-12 


A(l,6) 




.3176146E-I3 


A(l,7> 


m 


.467O802E-15 


A(2,4) 


«= 


.3355189E-06 


A(2,5) 


c 


.3712679E-07 


A(2,6) 




.1502216E-08 


A<2,7) 


•c 


.2115878E-10 


A(3,4) 


m 


-.2943542E-12 


A{3,5) 


c 


-.3808609E-13 


A(3,6) 




-.3 660251E-14 


A(3,7) 


e 


-.2445B84E-16 


A(4,4) 




.2006494E-09 


A(4 f 5) 


' •= 


•1365106E-10 


A (4 ,6) 


c 


•4054635E-I2 


A(4,7) 


K 


.443514BE-14 


A(S,4) 


e 


.2613773E-14 


A(5,5) 


■ 


.3370562E-15 


A(5,6) 


IS 


*1464950E-1€ 


A(5 f 7) 




.2153277E-18 


A{6,<) 




•2392294E-13 


A(6,5) 




.7413615E-15 


A(6,6) 


c 


.B047403E-16 


A (6, 7) 


e 


.1249713E-17 


A(7,4) 


e 


-.5962881E-17 


A(7,5) 


c 


-.7683208E-18 


A(7 f 6J 


cr 


-.3336166E-19 


A(7,7) 




-.4899741E-21 


A(8,4) 


m 


-•3356B43E-16 


A{8,5) 




-.4276763E-17 


A{8,6) 




-.6130147E-19 


A(8,7) 




-•2222226E-21 


A ij' s = 


0. 


The dimensions 



are the reciprocal of millimeters to the power (i+j-1) . 

An important goal of the design is achieved when the 
Aij f s have been determined. Once these coefficients are in hand, 
a final surface function may be generated by evaluation of the 
polynomial formula on a grid of points, multiplication by the 

auxiliary functions and addition to the base surface function. 
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The final surface function is progenitive of a lens formed as 
discussed below. An array of surface heights from the x,y plane 
are presented in Figure 4 for the progressive surface of 
Table I. 

VIII. mMPOTATIOW-Or THE KOB MM. VECTOR 

The mechanises for computing the coefficients describ- 
ing the surface height function have been described. In order to 
manufacture a lens, or to evaluate its optical performance, it is 
useful to calculate the unit normal vector anywhere on its 
surface. 

The partial derivatives necessary to compute the normal 
vector can be computed from the explicit form of Zf Reca11 

z t (x.y)=za<x,y)+z(x f y) (39) 

This implies 

(40) 

2 tx c *dx + z x 



and 



(41) 

z ty B z dy 4 z y 

where Z dx etc. are partial derivatives. The choice of a final 
surface function as the slmole sum of a distance sphere and an 
add function has this important benefit: it permits simple com- 
putation of the partial derivatives needed to compute the normal. 
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The partial derivatives of the distance sphere 2„ 

o 

(defined in eq. (21)) with respect to x and y are: 

z dx- < X - A x> /! R V <*- V 2 - (y~ A y> 2 ) 1/2 " <x- A x) /(Rd-2 d ) (42A) 

*dy* (y "^ * m2& ~ (x " Ax) 2 " (y " V 21 1/K <y- A y>/ (W-Z d ) • (42B) 

As before, these must be added to Z x and Zy , coniputea below# to 
obtain the total surface height derivatives Ztx and Zty 
partial derivatives of Z are now obtained, in the distance zone 
this is trivial since Z is defined to be zero there, and so all 
of its derivatives are also zero. 

In the transition zone, recall that 

Z * D(u)S(y)Z p (43) 

where Z p is the polynomial factor of the surface function. 
Differentiating and simplifying, yields: 

Zx« T J(u)xS{y)Zp+U(u)S(y)Zp x (44A) 
Z y=U (U) y S(y) Zp+U (U) S» (y) Z p +D (u) S (y) Zpy. (44B) 

where S'(y) (defined egual to S(y) y ) is as given by: 

S« (y) « -3[(y-y c )2/a 3 y ]S(y). (45) 



Using the notation U(u) u =U*(ti), u( U ) x and U(u) y may be evaluated 
as follows: 
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U(u) x » V* (u)u x (46A) 
D(u)y - D' (u)u y <46B) 

lp X , Spy, u x and uy are easily obtained, and C (u) is explicitly t 
D'(u) « -<4u 3 /o 4 u >0<u>- < 47 > 



These expressions permit Z % and Z y to be found and the normal 
vector obtained therefrom. 

In the near zone, the procedure is the same, except 
that derivatives of the near zone function 2 S ate required. 
Those derivatives are as follows: 

Z sx « 2{A s +2B B l(x-x 0 ) 2 +(y-y 0 ) 2 ))(x-x 0 ) (48A) 

2 sy * 2{A s +2B s [(x-x o ) 2 +{y-y o ) 2 ]}(y-y 0 ) (48B) 

The derivatives of Z in the near zone are computed identically to 
those in the intermediate zone, but with Z s , Z sx r Z gy substituted 
for Z p , Z px , Z py respectively.. 

For these derivatives the normal vector can be calcu- 
lated in a conventional manner, and the calculated normai vector 
used to position a cutting head used in the manufacturing 
processes discussed below. 
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IX. EVALUATION OF LEHSES 

The astigmatism and mean power of a progressive surface 
such as that indicated in Figure 4 can be predicted. The results 
of these predictions are Eh own in Figures 5 and 6 for an array 
of points corresponding to the points of Figure 4. In the Figure 
5 the numerical values indicate the magnitude of the astigmatism 
and the directions of the line segments indicate the directions 
of the astigmatism axis. 

Astigmatism diagrams of the type of Figures 5 are 
useful in evaluating lens designs. The progressive surface 
presented in the Figures has a large window of nearly zero astig- 
matism (.5 diopters or less) corresponding to the distance 
zone. Likewise astigmatism is minimized in the near zone and in 
a wide corridor centered on the eye path. At the same time, low 
levels .of astigmatism are achieved in other areas of the inter- 
mediate zone. 

In Figure 6, mean power values (with base power 
subtracted) for the progressive surface of Figure 4 are presented 
for «,e array of points. Such diagrams are useful in evaluating 
the lens design. Advantageously, powers in such diagrams should 
be nearly zero in a large distance zone, and nearly equal to the 
nominal add power in the near zone. A smooth transition in 
powers should occur in a wide corridor centered on the eye path. 

X * MATOFACTPR E OF LEKSES AND ASSOCIATED TOOLINGS 

The manufacture of progressive lenses is carried out. by 
using the final surface function derived above to provide height 
values for a multiplicity of points, e.g., at 1 millimeter 
centers, and then, by means of a numerically controlled milling 
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machine, producing a porous ceramic former with a surface 
configured to correspond to the aformentioned height values. It 
is usually unnecessary to generate the height values outside the 
milling machine system because such machines often have associ- 
ated computers which can solve the necessary expressions and then 
carry out the evaluations for each point once fed the parameters 
of the final surface function. 

The porous ceramic former, thus prepared , can then be 
used in a conventional manner to form a progressive surface of a 
glass lens or lens blank by sag forming techniques. The porous 
former can also be used to form a mold part, which can then be 
used to form the progressive surface in a cast lens in a conven- 
tional lens casting process. Techniques of using such formers 
are described in, for example. United States Patent No. 4,062,629 
to Winthrop (see columns 14 and 1*9.) 

It will be apparent that, because of the inherent 
limitations of the milling procedure and the need to then carry 
out one or more steps before achieving the desired progressive 
lens surface on a lens or lens blank, the progressive lens 
surface obtained cannot match in a mathematically exact manner 
the expressions used to generate the instructions for the milling 
machine. Another inaccuracy inherently induced in the process is 
caused by the fact that the milling machines necessarily employ a 
finite size of grid. The correspondence between the final 
surface function and the manufactured surfaces will vary slightly 
as one moves from former to lens or from former to mold to 
lens. However, it has been found in practice that variations so 
introduced are limited and do not result in a lens whose perform- 
ance characteristics are unpredictable. The lens former is, of 
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course, the tangible article whose form will most closely 
correspond to the final surface function. 

A full disclosure of the surface height points 
generated for the milling operation would involve, typically, 
for one— half of a symmetric lens design , from three to four 
thousand points with their associated x and y coordinates and , in 
fact, are not usually printed out by the machine because such a 
printout is normally of no consequence in the procedure. 
However, in following the conventions adopted by previous disclo- 
sures in the field, Figure 4 shows an array of surface heights at 
a limited number of points for a progressive surface. The 
heights are specified to three significant figures. The limits 
Of the ability of any particular milling machine available at the 
date of this application to reproduce such heights faithfully 
would require specification to four significant figures in milli- 
meters or five significant figures in inches. It should also be 
understood that such data can be calculated to the desired degree 
of accuracy through a straightforward application of the formulae 
and constants given herein. 

Kith reference now to Figure 7, the overall procedures 
which may be employed in a preferred embodiment of the present 
invention to produce a lens will be discussed. The process of 
making the lens begins with the selection of base surface para- 
meters R^ r A x , and A y# These parameters correspond, respec- 
tively, to the radius of curvature of the distance zone (or base 
curve) and the offsets of the vertex of the distance sphere from 
the origin of the Cartesian coordinate system. Typically, \ 
and Ly are- selected such that the distance sphere vertex will 
lie somewhere in the progressive corridor of the finished lens. 
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The parameters A s , B B and X 0 , which define the near tone, are 
then selected. From this group of selected parameters, the near 
tone surface function Z & may then be calculated. Power ana 
astigmatism diagrams may then be generated for the near zone, for 
example, by conventional methods such as a computer ray trace* 
These diagrams may. then be used to evaluate the near zone 
surface. Such evaluation may include determining whether the 
near zone add power is correct, and determining whether the 
departures of the near zone from sphericity are acceptable. 

Following the generation of an acceptable near zone 
surface function, the boundary geometry parameters are 
selected: i.e., w^ y fi , 9 s , v^, y &i & d and p. From this infor- 
mation the preliminary A£j»s may be calculated. In turn, the 
preliminary intermediate zone function 2 p may be calculated. As 
before, power and astigmatism diagrams may be generated in the 
conventional manner, which permit evaluation of the intermediate 
zone surface. As described above, the surface may be evaluated - 
and, if necessary, changes made in the boundary geometry para- 
meters originally selected; and the procedure repeated until an 
acceptable intermediate zone surface is obtained. At this point 
the location of the vertex of the distance sphere may be 
determined, and repositioned as necessary by adjustments in the 
values A x and Ay. Such a readjustment may reguire a return to 
the first step, in exceptional circumstances. 

Once the preliminary intermediate zone surface function 
2p has been determined, the auxiliary function parameters for 
U(u) and S(y) may be selected. The auxiliary functions are used 
to calculate the final surface function 2^ * n t * ie manner 
described above. Once again, power and astigmatism diagrams may 
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be generated, this time for the entire surface function 2 t# The 
final surface function may then be evaluated, to determine, inter 
alia, that the auxiliary functions are providing the localized 
effect desirea and that they are not adversely affecting desir- 
able characteristics already established in the preliminary 
surface function. . As necessary, alterations may be made in the 
selection of the auxiliary function parameters and the final 
surface function recomputed until a satisfactory result is 
achieved. 

The final surface function is then supplied to a 
numerically controlled milling machine for the machining of a 
porous ceramic former. The porous ceramic former may be either 
concave or convex in configuration depending on the particular 
process employed in producing the final lens. 

The various processes for producing the final lens will 

now be described in greater detail in connection with Figures 8 
and 9. 

Figure 8 illustrates in cross-section the formation of 
a glass lens blank 100 on a ceramic porous former 102. In this 
process a surface of the ceramic former 102 is exposed to a 
vacuum indicated schematically by the arrow 104. A polished 
glass blank, typically of uniform thickness, is placed on top of 
the former 102 and the assembly placed inside an oven capable of 
raising the temperature of the blank 100 to above the softening 
point of the glass. It will be understood that the effects of 
the temperature and vacuum will be such to cause the lens blank 
to conform to the shape of the former 102. the upper surface 105 
of the formed blank 10Q will be a replica of the progressive 
surface of the porous former, it being understood that the 
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'smoothness of this surface will not be compromised during the 
formation process. It will also be observed that certain 
systematic deviations from the final surface function will be 
introduced in the glass blank as a result of the sagging process, 
Sue to the fact that the progressive surface Is not constrained 
to conform exactly .to the porous former surface and is not in 
contact with the porous former surface. The final surface func- 
tion may be precompensated for this effect in a manner that will 
be readily understood by references to Figure 9 • This compensa- 
tion scheme relies on .the assumption that a radius of curvature 
"f " on the lens blank surface will differ approximately !>y the 
glass thickness *g n , from the corresponding radius of curvature 
"h" of the progressive former surface. Thus, for example, the 
distance "g" could be subtracted from the desired distance zone 
radius for the lens. 

In Figure ID a process for molding a plastic lens is 
illustrated. In the process of Figure 10, a glass mold blank 106 
is sagged into a concave porous former 108 similar to the former 
described in connection with Figure 8 . The progressive mold 
part 106 is then located in spaced relationship to a generally 
spherically curved glass mold part 110. The two mold parts are 
placed in contact with a gasket 112 and held in spaced relation 
to one another. Liquid resin is introduced into the mold and the 
resin is cured. The semi-finished lens blank is removed from the 
mold assembly after cure. 



Claims: 
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1. An ophthalmic lens with a lens surface having a near viewing zone 
(12), a distance viewing zone (10) and an intermediate zone (14) 1n 
which there 1s a gradual change In optical power along an eye path from 
the distance zone (10) to the near zone (12), characterised in that 
boundaries (16, 18) defined between the distance zone (10) and the 
Intermediate zone (14), and between the Intermediate zone (14) and near 
zone (12) are projections of algebraic curves on the lens surface; the 
shape of the surface of the lens 1s defined by a final surface function 
such that the surfaces of the zones (10, 12 and 14) are the same height 
at the boundaries (16, 18) and so that at least the first three 
derivatives of the final surface function are continuous across the 
boundaries; and the surface of the near zone (12) is defined by an 
equation of the form Zrl^l s where Z T 1s the final function, Z d 1s the 
rotationally symmetric surface function of the distance zone extended 
over the entire lens, and Z s Is a near zone surface function having a 
factor given by a fourth degree expression In the cartesian coordinates 
x and y. 

2. A lens as claimed in Claim 1, wherein the near zone surface 
function is given by an expression of the form 

Z s - A s [(x-x 0 )2 + (y-y 0 )2] + Bs [( x . Xo )2 + ( y -y 0 )2] 2 + 2q 
wherein A s , B s , x 0 , y 0 and Zo are constants. 
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3. A lens as claimed 1n Claim 1 or Claim 2, wherein the surface 
function 1n the Intermediate zone (14) 1s defined by an equation of the 
form: 

Z T «Z d + Z 

wherein Zj 1s the final surface function, Z<i Is the surface function of 
the distance zone extended over the entire optical body, and Z 1s 
defined by an equation of the form: 

n m 
Z = ^3 AfjuM 

1=o j=o 

where n and n are each integers less than 10, where Afj are a set of 
constants and where and v3 are coordinates of a curvilinear 
coordinate system, raised to the 1th and jth power, respectively, u and 
v being defined such that the cartesian coordinates x and y are given 
by transformation equations of the form: 



r 1 

x = ^2 C XfjuM, and 



i=o j=o 



i « o j = o 



where p, q, r and s are each integers less than or equal to 2; and 
where Xjj and Y^j are further sets of constants. 



4. 



A lens as claimed in Claim 3, wherein Z = 



0 in the distance zone. 
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5. A lens as claimed In Claim 3 or Claim 4, wherein the 
transformation equations are given by: 

x - (c/v 0 ) (v + Vl ) (v 0 - Vl - v) (au 2 + 1) + u 
y = (v + vt) (au 2 + 1) 

wherein a, c, v 0 and vi are constants. 

6. A lens as claimed in Claim 5, wherein the curve u = 0 is the eye 
path (20); the curve v = 0 is the boundary between the distance zone 
(10) and the intermediate zone (14); v 0 and c are parameters which 
determine a nasal offset of the near zone boundary (18); and the 
constant, a, determines the curvatures of the boundaries (16, 18). 

7. A lens as claimed in Claim 6, wherein the surface height along 
the eye path is substantially determined by a function of the fifth 
degree of v. 

8- A lens as claimed In Claim 6, wherein a is from 0 to lmm' 2 - c is 
from -1 to 1; v 0 is greater than Iron; and V] is from -100 to 100m*. 

9. A lens as claimed in any one of Claims 3 to 8, wherein the final 
surface function is the sum of the function Z d and the function Z which 
is the product of a preliminary function and an auxiliary function. 

10 A lens as claimed in Claim 9, wherein the preliminary function is 
selected so that the surfaces of the zones (10, 12. 14) are the same 

1 ^ tH V7 daHes (16 ' 18 > «- so that at least the first three 
derivatives of the preliminary function are continuous across the 
boundaries (16, 18). 
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11. A lens as claimed 1n Claim 9 or Claim 10, wherein the auxiliary 
function 1s continuous 1n all derivatives up to and Including the third. 

12. A lens as claimed 1n Claim 9, wherein the auxiliary function Is a 
function S(y) given by an equation of the form: 



where y 1s a cartesian coordinate, y c and °J are constants, whereby 
astigmatism Is reduced 1n at least a portion of the Intermediate zone 
lying above the line y c • y. 

13. A lens as claimed 1n Claim 9, wherein the auxiliary function 1s a 
function U(u) given by an equation of the form: 



for all u, where u 1s a coordinate of a curvilinear coordinate system 
In which line u * 0 1s the eye path, and % 1s a constant, whereby the 
constant % is selected to Improve orthoscopy in a portion of the 
intermediate zone on both sides of the eye path. 

14. A lens as claimed in any one of the preceeding claims, wherein 
each of the algebraic curves, whose projections on the lens surface 
define the boundaries (16, 18), is a parabola. 



S(y) - e -ly-*c/°y> 3 
S(y) - 1 



y > y c 
y i^yc 



U(u) - e -lu/°u> 4 
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15. A method for making an ophthalmic lens having a distance viewing 
zone (10), a near viewing zone (12), and an intermediate zone (14) 1n 
which there is a gradual change in optical power from the distance zone 
(10) to the near zone (12), characterised by selecting a base surface 
function Zj progenitive of prescribed optical properties 1n the 
distance zone (10); selecting a deviation function Z representative in 
value of a deviation from the base surface 1n the intermediate zone 
(14), said deviation function having a zero value in the distance zone 
(10) and having a value in the intermediate zone (14) given by a 
polynomial function 1n a two dimensional curvilinear coordinate system 
(u, v), boundaries of the zones in the coordinate system being defined 
so that, along the eye path (20), u equals a constant, and so that, 
along a distance zone boundary (16) and a near zone boundary (18), v 
equals a constant; and forming a lens surface in the lens responsive to 
a surface function Zj where 

Z T *Z d + Z. 

16. A method as claimed 1n Claim 16, wherein the value of the 
deviation function in the intermediate zone (14) is given by a 
polynomial function as defined by an equation of the form: 

n 

«■ E 

i = o 

where n and m are degrees of u and v, respectively; where Ay is a set 
of constants; and where u 1 and v3 are the coordinates of the 
curvilinear coordinate system, raised to the ith and jth power, 
respecti vely. 



j - o 



iU*v3 
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17. A method as claimed In Claim 16, wherein n and m are each 
Integers less than or equal to 8. 

18. A method as claimed 1n Claim 16 or Claim 17, wherein u and v are 
defined such that the cartesian coordinates x and y are given by 
transformation equations of the form: 

P q 

x « YZ IZ x u uivJ » and 

1=0 J c 0 



y ' JZ C Y iJ uiy3 

1=0 j B o 

where p and q are degrees of u and v defining x, where r and s are 
degrees of u and v defining y; and where and Yjj are sets of 
constants. 

19. A method as claimed in Claim 18, wherein p, q, r and s are each 
integers less than or equal to 2. 

20. A method as claimed in Claim 18, comprising evaluating the 
optical properties of the lens surface formed responsive to the surface 
function Zj, modifying the shape of the zone boundaries (16, 18), 
repeating the selection of a base surface function Z4 and a deviation 
function Z to obtain a final surface function having desired 
astigmatism and orthoscopy characteristics in the Intermediate zone 
(14) and the near zone (12), and forming a lens responsive to that 
final surface function. 



21. A method as claimed in any one of Claims 15 to 20, comprising 
using the lens to profile a former for further formation of such lenses. 
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DO .00 .00 .00 .00 

+ + + + + 
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